Precision agriculture techniques imply a spatial management of fields and to do so a good understanding of the spatial and temporal variability of yield is needed. Average yield data from seven irrigated maize fields were used to study the yield pattern considering the distance of plants to flow accumulation lines. It was found that there is a significant correlation between average yield and distance to flow accumulation lines (DFL). This correlation is best represented by a polynomial function. The most common shape of the yield pattern curve considering the distance to flow accumulation lines shows that there is an increase in average yield with DFL from 0 to 12.5-17.5 m. Near the flow lines the average yield presents lower values due to drainage problems causing plant growth problems. It was also observed higher yield variability near the flow lines. For higher distances from the flow lines there is a continuous decrease in average yield due to less water availability and other variations of soil properties.
Introduction
In a recent past spatial and temporal analyses of yield variability was considered very important in order to delineate areas of stable yield patterns for application of precision farming techniques (Bakhsh et al., 2000) . More recently, several authors have found that most spatial variability disappears over time if we consider the average productivity map, consequently yield maps cannot forecast the yield pattern for the following year and crops should be managed in accordance with their needs in real time (Blackmore et al., 2003; Marques da Silva, 2006) .
However, there are some permanent spatial factors of fields that can be correlated with yield allowing a better understanding of yield variability. Topography has been considered one of the most important yield-affecting factors (Changere and Lal, 1997; McConkey et al., 1997) , and most topographic attributes are permanent spatial factors. Topographic attributes or indices can be derived from digital elevation models (DEMs), which can provide important topographic information with increased accuracy (Moore et al., 1993; Wilson et al., 1998) . The relationship between topographic attributes and yield has been extensively used to evaluate yield variability. It is possible * Corresponding author. Tel.: +351 2667 60823; fax: +351 2667 60911.
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to find in the literature several studies analysing the relationship between topographic attributes and yield variability (e.g., Bakhsh et al., 2000; Kravchenko and Bullock, 2000; Kaspar et al., 2003; Iqbal et al., 2005) . Marques da Silva and Silva (submitted for publication) studied the relationship between several topographic attributes and irrigated maize spatial and temporal variability. They found that the distance to flow accumulation lines was the topographic index with higher correlation with yield. Previous studies (Marques da Silva and Silva, 2006a,b) showed a significant relationship between irrigated maize yield and DFL, indicating that, in undulated topographies, the DFL index could be a useful parameter to explain yield variability. The higher soil depth and higher soil water content near flow accumulation lines can explain the increase of yield with the decrease of DFL (Marques da Silva and Silva, 2006a,b) .
Plant available soil water has been considered by many authors as the major factor contributing to yield variability (Sinai et al., 1981; Sadler et al., 1995; Wright et al., 1990; Camp and Sadler, 2002) , and the amount of water retained by a soil is greatly determined by landscape position (Hanna et al., 1982) . Lower landscape positions, to where flow accumulation lines converge have usually higher soil water contents, thus more plant available water and hence more nutrients.
The objective of this study was to observe the variability of irrigated maize (Zea mays L.) yield pattern considering the distance to flow accumulation lines. The understanding of the relationship between spatial patterns of crop yield and topographic attributes, such as the DFL, may provide opportunities for farmers to manage their fields spatially.
Materials and methods

Field description
This study was conducted using data collected from seven adjacent agricultural fields in Fronteira (Lat.: 39.09307; Long.: −7.611332), located in the Alentejo region (Southern Portugal). The fields and respective evaluated areas were as follows: Eucaliptus (13.8 ha), Arribana (15.5 ha), Cevada (21.1 ha), Bemposta (32.0 ha), Meia Lua (36.8 ha), Cristalino (40.0 ha) and Azarento (62.0 ha). All fields were irrigated using centre-pivot irrigation systems.
A 'Trimble RTK/PP-4700' global positioning system (GPS) survey-grade receiver was used to carry out a topographical survey of the irrigated areas; sampling density was 5 m in the row and 5 m in the inter-row. The horizontal and vertical errors of this system were less than 0.02 and 0.04 m, respectively.
Grid-based digital elevation models with 1 m resolution were constructed by importing point elevation data obtained from the topographic survey to ArcView software (ESRI, 1999 ). An irregular network of triangles (TIN) was calculated on the basis of the point data. This vector information was converted into raster digital elevation models by using the 'Spatial Analyst v1.1' grid-based geographic analysis module (ESRI, 1999) (Fig. 1) . The topography of this region can be characterized as undulated with soil depths varying from 0.3 m at the higher elevation positions of the fields to more than 1 m at the lower positions of the fields. The predominant soils of these fields are classified as VerticLuvisols and HaplicRegosols (FAO, 1998) with, sandy clay loam and sandy surface textures, respectively.
Crop management
In the 3 years of the study, and in all fields, maize was sown in late April/early May and harvested in September. The producer used a reduced tillage system, involving a small subsoiler (30 cm depth) prior to sowing. In areas with higher slopes the farmer used reservoir-tillage (Hackwell et al., 1990) , with the objective of storing non-infiltrated water avoiding excessive runoff from high landscape positions to low landscape positions.
In all 3 years there was very low precipitation during the crop cycle ( Fig. 2) , this means that plant water needs had to be fulfilled by irrigation water. The year 2003 was the driest and also the one that presented higher temperatures, especially in the more water sensitive stages of crop development, in late July and August.
The irrigation management practices were approximately the same for the seven studied fields. With the meteorological data from the nearest meteorological station available, and considering a plant crop cycle of 140 days, the average irrigation requirements calculated with the CROPWAT program (Smith, 1995) were around 635, 645 and 690 mm/season, respectively for the years 2002, 2003 and 2004 . The irrigation requirements for each individual field presented small differences from the average values essentially due to the specific sowing date and the predominant soil type. Applied irrigation water was about 550 mm in the first 2 years and about 600 mm in 2004, for all fields. This means that in the 3-year period of the study applied water was always below the irrigation requirements.
Yield data
Maize yield data was collected over the period from 2002 through 2004, using a Claas Lexion 450 combine harvester with a cutting head of 4.5 m, equipped with a CEBIS information system, which allows to obtain grain yield data with an error of 5%. The data was analysed in accordance to Blackmore and Moore (1999) , to eliminate identifiable errors, and the weight of collected grain was adjusted for grain moisture (14% of mass).
Yield data for all the years were standardised on a 2 m × 2 m grid using a 10 m search radius. This was to ensure that each cell of the grid had data from at least three harvester tracks avoiding the existence of cells with no information or non-typical information when adjacent values were considered.
Distance to flow accumulation lines
The distance to flow accumulation lines was determined according to the methodology presented by Marques da Silva and Silva (2006a) .
Before deriving DFL based on elevation data, pre-processing was required to fill depressions known as sinks in the data. The process of filling increases the values of cells in each depression to the value of the cell with the lowest values on the depression boundary (Jenson and Domingue, 1988) . This type of processing can greatly increase the measurement accuracy of hydrological flow directions.
Flow accumulation was determined using the grid-based geographic analysis module Spatial Analyst v1.1 and the 'hydrology v1.1' extension of ArcView software (ESRI, 1999) . According to Jenson and Domingue (1988) , the specific contributing area is proportional to the discharge per unit width assuming that steady-state conditions prevail. For grid structures, the specific catchments area (SCa) can be obtained by dividing the catchments area of the cell by the effective contour length. Flow accumulation is then defined as the total number of cells contributing to water inflow into a given cell and was calculated according to the same authors. The total number of cells with a contributively area of 450 m 2 or over were considered as flow accumulation lines. Linear distance to the nearest flow accumulation line was calculated for each individual cell of the irrigated area.
After calculation of linear distance to flow accumulation lines, nine classes of distances, each with a 5 m range, from 0 to more than 40 m, were created. Within the buffer areas delimited by these classes average yield was calculated.
Correlations
With the aim of verify the relationship between average yields and their distance to flow accumulation lines, for the seven studied fields, it was used the following polynomial equation: where y is the average yield, x the linear distance to the nearest flow accumulation line and a, b and c are the regression coefficients.
Results and discussion
Yield and DFL
As previously referred, applied irrigation water in the 3-year period of the study was always below the irrigation requirements. This means that average yield was lower than could be expected. In the 2003 year, occurred very high temperatures, above 40 • C, on the last days of July and first days of August. The unexpected high temperatures increased the difficulties in managing irrigation and the periods of water stress lead to even lower grain yields. The increase of applied water in the third year (2004) showed an improvement in average yield comparing to the previous years in half of the studied fields. But more important than that is the decrease in yield variability, that occurred in all fields, with the increase of applied water.
The topography of the studied fields is relatively complex, characteristic of undulated land areas, influencing greatly yield variability with the distance to flow accumulation lines. In previous studies (Marques da Silva and Silva, 2006a,b) average yield and DFL were best correlated using a simple linear equation. The increase of field average yield data used in this study showed that there is a better correlation when using a polynomial equation. It also showed that the yield pattern considering the distance to flow accumulation lines can be different not only when comparing average yields from different fields but also when comparing average yields attained in different years for the same field (Figs. 3-9) .
The regression coefficients for Eq.
(1) are presented in Table 1 . With the exception of 1 year (2004) in one studied field (Arribana), the correlations between average yield and DFL are very high (R 2 from 0.89 to 0.99).
Therefore, the study of this type of relationship and its pattern can be very important. It is a needed knowledge to a spatial differential management of the field. The generic shapes of the different patterns presented in Figs. 3-9 can be observed in Fig. 10 . They were divided in four different shapes.
Yield and shape 1 of the polynomial function
The shape 1 of the polynomial function (Fig. 10) represents the most common average yield pattern found in this study. This type of pattern was observed in six of the seven studied fields. The exception was the Azarento field (Fig. 9) . In some fields this type of pattern was observed for all the years of the study (Arribana, Fig. 3 ) and in the other fields for the majority of the years (Eucaliptus, Fig. 4 Fig. 8(a) and (c) ).
The curve that represents this type of pattern can be divided in three parts. In the first part of the curve, corresponding in most cases to DFL from 0 to 12.5 or 17.5 m, there is an increase in average yield with DFL. The lower yields near the flow lines are probably due to an excess of water that causes some plant growth problems. This phenomenon was observed in previous works (e.g., Marques da Silva and Silva, 2006b). In this study it was observed in years with different irrigation levels and in fields with different sizes. Moreover, it did not occur in all years for the majority of the fields which means that a more accurate irrigation management can minimize the problem. With the increase of DFL there is a decrease of soil water content and average yield increases. Then, there is a second part of the curve showing a more or less constant relationship between average yield and DFL. In these areas the DFL does not influence significantly average yield, which means that average yield do not increase or decrease significantly.
In the third part of the curve the relationship between DFL and average yield has the opposite trend of the first part, i.e., average yield decreases with DFL. Field observations showed that this was due to a decrease in soil depth and therefore a decrease of the soil volume explored by plant roots, decreasing the plant potential absorption of nutrients and water. With the increase of DFL should also be a decrease of soil water availability for plants, which explains the average yield decrease.
Yield and shape 2 of the polynomial function
The shape 2 of the polynomial function (Fig. 10) shows a decrease of average yield with the increase of DFL. The decrements of average yield with DFL are smaller for the areas near the flow lines (Figs. 4(a) , 7(c), 8(b) and 9(c)) and increase for the areas more far away from the flow lines. This type of pattern indicates that water availability is very important and with the increase of DFL plant-growing conditions are progressively less favourable leading to lower yields. 
Yield and shape 3 of the polynomial function
The shape 3 of the polynomial function represents an almost linear relationship between average yield and DFL. Average yield decreases linearly with the increase of DFL. This type of pattern was only observed in one field and 1 year ( Fig. 9(b) ). 
Yield and shape 4 of the polynomial function
Finally, the shape 4 of the polynomial function shows also a decrease in average yield with the increase of DFL. The decrements of average yield are higher near the flow lines but with the increase of DFL there is a decrease of these decrements (Figs. 5(c) and 9(a)). This type of yield pattern shows lower plant resilience near the flow lines than more far away from the flow accumulation lines. Although yield patterns in Figs. 5(c) and 9(a) can be associated with shape 4 they present very little differences to the shape 3 and could also be associated with this type of shape.
Average yield coefficient of variation
The coefficient of variation (CV) of average yield shows in most cases an increase with the distance to flow accumulation lines. These results demonstrate that, in general, there is an increase in yield variability with the increase of DFL, i.e., plant-growing conditions are more variable with the increase of DFL. This behaviour is more evident in the CV attained in the yield patterns that can be represented by the shapes 2-4.
Shape 1 of the polynomial functions shows, in general, a CV curve symmetric to the yield curve. The higher CV values are generally at the extremities of the CV curve, corresponding to lower average yields. The lower CV values are at the middle of the CV curve and are related to the higher yields. This means that the growing conditions are more variable near the flow lines and for DFL values higher than 37.5 m.
Conclusions
Using yield data from seven agricultural fields over a 3-year period showed that there is a significant relationship between average yield and distance to flow lines accumulation. This relationship is best represented by polynomial functions.
In this particular study, the most common yield pattern indicates that, there is an increase in average yield with DFL from 0 to 12.5-17.5 m. This is due to drainage problems near the flow lines causing lower yields. For higher distances the decrease in water availability and other variations in soil properties lead to a decrease in average yield. This type of pattern was observed in fields with different sizes and in years with different irrigation levels.
The lower yields near the flow lines indicate that, prior to considering the differentiated application of production factors, irrigation management should be improved to prevent excessive runoff and thus drainage problems.
The decrease in average yield is almost always associated with higher yield variability expressed by higher yield coefficient of variations.
